Abstract The action of benzoic acid in the food and beverage industries is compromised by the ability of spoilage yeasts to cope with this food preservative. Benzoic acid occurs naturally in many plants and is an intermediate compound in the biosynthesis of many secondary metabolites. The understanding of the mechanisms underlying the response and resistance to benzoic acid stress in the eukaryotic model yeast is thus crucial to design more suitable strategies to deal with this toxic lipophilic weak acid. In this study, the Saccharomyces cerevisiae multidrug transporter Tpo1 was demonstrated to confer resistance to benzoic acid. TPO1 transcript levels were shown to be up-regulated in yeast cells suddenly exposed to this stress agent. This up-regulation is under the control of the Gcn4 and Stp1 transcription factors, involved in the response to amino acid availability, but not under the regulation of the multidrug resistance transcription factors Pdr1 and Pdr3 that have binding sites in TPO1 promoter region. Benzoic acid stress was further shown to affect the intracellular pool of amino acids and polyamines. The observed decrease in the concentration of these nitrogenous compounds, registered upon benzoic acid stress exposure, was not found to be dependent on Tpo1, although the limitation of yeast cells on nitrogenous compounds was found to activate Tpo1 expression. Altogether, the results described in this study suggest that Tpo1 is one of the key players standing in the crossroad between benzoic acid stress response and tolerance and the control of the intracellular concentration of nitrogenous compounds. Also, results can be useful to guide the design of more efficient preservation strategies and the biotechnological synthesis of benzoic acid or benzoic acid-derived compounds.
Introduction
Benzoic acid is a lipophilic weak acid that occurs naturally in many plants, is largely used in the preservation of foods and beverages and is an intermediate compound in the biosynthesis of many secondary metabolites. Uncovering the complexity of cellular responses to stress induced by benzoic acid in the experimental eukaryotic model Saccharomyces cerevisiae might be instrumental to improve food preservation action and microbial performance in biotechnological processes. In particular, the identification of candidate genes and signalling pathways involved in the response and resistance to this stress is essential to find targets for genetic engineering to increase stress robustness for biotechnological processes or to guide preservation strategies (Dos Santos and Sá-Correia 2015; Mira et al. 2010b; Teixeira et al. 2011b) . Multidrug/ multixenobiotic resistance (MDR/MXR) is many times the result of the action of MDR/MXR transporters found at the membranes of all living cells Teixeira et al. 2011a) . Therefore, our laboratory has dedicated research efforts to the study of the biological role and regulation of Electronic supplementary material The online version of this article (doi:10.1007/s00253-017-8277-6) contains supplementary material, which is available to authorized users. drug/xenobiotic pumps of the major facilitator superfamily (MFS) and the ATP-binding cassette (ABC) superfamily, and the link between their physiological role and the MDR/ MXR phenomenon in yeast ). The S. cerevisiae plasma membrane drug:H + antiporter (DHA) Tpo1, a MDR/MXR transporter of the MFS, has been found to mediate tolerance of this yeast species to a high number of cytotoxic compounds including the metal ions cadmium and aluminium ), the antimalarial drugs quinidine and artesunate (Alenquer et al. 2006; do Valle Matta et al. 2001) , the immunosuppressant mycophenolic acid (Desmoucelles et al. 2002) , the herbicides 2,4-dichlorophenoxyacetic acid (2,4-D) and barban Teixeira and Sá-Correia 2002) , the anticancer agent bleomycin (Berra et al. 2014; Hillenmeyer et al. 2008) , the antifungals nodoconazole and mancozeb (Dias et al. 2010; Hillenmeyer et al. 2008) , the nonsteroidal antiinflammatory drug diclofenac (Mima et al. 2007 ) and the weak acids acetic, propionic, decanoic and octanoic acids (Borrull et al. 2015; Legras et al. 2010; Mira et al. 2009 ). The apparent promiscuity of Tpo1 and other yeast MFS-MDR transporters in conferring protection to a wide range of structurally unrelated xenobiotic compounds has been questioning the idea that these transporters contribute to MDR by directly mediating the extrusion of the drugs (Dos Mira et al. 2010a; Sá-Correia et al. 2009 ). Within this line of thought, evidences have been obtained showing that the beneficial effect of some yeast MDR pumps in conferring drug resistance is indirect and results from their effect in the transport of a given physiological substrate whose partition ends up contributing to reduce the internal accumulation of drugs or to counteract their deleterious effects (Cabrito et al. 2011; Sá-Correia et al. 2009; Teixeira et al. 2011a; Vargas et al. 2007) . A paradigmatic example has been Qdr2, whose protective effect against quinidine action was correlated with its role in K + uptake (Vargas et al. 2007 ). Tpo1 has been found to be involved in the export of polyamines, in particular of spermidine and spermine (Albertsen et al. 2003; Krüger et al. 2013; Uemura et al. 2005) ; however, this physiological role has, so far, not been linked to its role in MDR.
The extensive amount of information that has been gathered regarding the transcriptional regulatory networks underlying the control of the expression of yeast MFS-MDR encoding genes, largely compiled in the YEASTRACT database (Teixeira et al. 2006b , has been contributing to elucidate the function of these transporters in the MDR context and also outside of it, in a more physiological perspective. Key transcriptional regulators of MDR in yeast, such as Pdr1, Pdr3 and Yap1, were found to control drug-induced transcriptional activation of MFS-MDR-encoding genes (as recently reviewed in Dos , including TPO1 (Alenquer et al. 2006; do Valle Matta et al. 2001; Teixeira and Sá-Correia 2002) . Nevertheless, a closer inspection of the data available in the YEASTRACT database shows that most yeast MFS-MDR-encoding genes have more documented regulatory associations with transcription factors not specifically linked to the MDR phenomenon than with those that are known to control MDR (Dos ). Gcn4, a transcription factor involved in signalling amino acid internal homeostasis, and Bas2, an activator of the histidine and purine biosynthetic pathways, stand out as they are associated to the transcriptional regulation of around 70% of all genes encoding MFS-MDR transporters in yeast . In some cases, the transcriptional regulation by non-MDR transcription factors of MFS-MDR transporters is consistent with their proposed physiological function. This is the case of the Gcn4-regulated transporters Aqr1, implicated in the vesiclemediated extrusion of homoserine, threonine and other amino acids (Velasco et al. 2004 ); Vba1-5, proposed to catalyse transport of amino acids into the vacuole (Shimazu et al. 2005) , and Qdr2, which was also demonstrated to affect amino acid homeostasis (Vargas et al. 2007) .
In this work, Tpo1 was identified as a determinant of yeast resistance to benzoic acid. A strong up-regulation of the TPO1 gene was registered in response to benzoic acid stress; however, this was found to be independent of Pdr1 and other transcription factors specifically related with drug stress response and tolerance. Instead, the benzoic acid-induced transcriptional activation of TPO1 was found to be dependent of Gcn4 and Stp1, which were also found to play an essential role in tolerance of S. cerevisiae to benzoic acid. Taking into consideration the crucial role played by the Gcn4-and Stp1-dependent pathways in yeast sensing and signalling of internal amino acid homeostasis (Ljungdahl and Daignan-Fornier 2012) , the hypothesised involvement of Tpo1 in polyamines and in amino acid internal homeostasis under benzoic acid stress was dissected. The results obtained provide useful insights into the link between the intracellular homeostasis of nitrogenous compounds and Tpo1 regulation and protective role in response to benzoic acid.
Materials and methods

Strains and plasmids
The parental strain S. cerevisiae BY4741 (MATa, ura3Δ0, leu2Δ0, his3Δ1, met15Δ0 ) and the derived deletion mutants (BY4741_tpo1Δ, BY4741_pdr1Δ, BY4741_pdr3Δ, BY4741_pdr8Δ, BY4741_yap1Δ, BY4741_yap2Δ, BY4741_yap3Δ, BY4741_yap4Δ, BY4741_yap5Δ, BY4741_war1Δ, BY4741_gcn4Δ, BY4741_stp1Δ and BY4741_stp2Δ) were obtained from the Euroscarf collection. The amino acid prototrophic strain 23344c (MATa, ura3) was kindly provided by B. André (Université libre de Bruxelles, Belgium). S. cerevisiae BY4741 strains in which genome the vector pRS303GPD or the construction pRS303GPD_TPO1 was integrated (herein referred to as BY4741.GPD and BY4741.GPD_TPO1, respectively) were kindly provided by M. Ralser (University of Cambridge, UK). The plasmids prepared and/or used in this study are listed in Table 1 .
Growth media
Cells were batch-cultured at 30°C, with orbital agitation (250 rpm), in MM4 growth media which contains, per litre, 20 g glucose (Merck, Darmstadt, Germany), 1.7 g yeast nitrogen base without amino acids or NH 4 + (Difco, Detroit, Michigan, USA) and 2.65 g (NH 4 ) 2 SO 4 (Merck, Darmstadt, Germany). To cultivate BY4741 and the deletion mutant strains derived from BY4741, the MM4 growth medium was further supplemented with 20 mg/L methionine, 20 mg/ L histidine, 60 mg/L leucine and 20 mg/L uracil (all from Sigma, Missouri, USA). The amino acid prototrophic strain 23344c was cultivated in MM4 growth medium supplemented with 20 mg/L uracil. Solid MM4 growth medium was obtained by supplementing the liquid medium with 2% agar (Iberagar, Barreiro, Portugal). The pH of liquid MM4 growth medium was adjusted to 4.0 using HCl as the acidulant. The stock solution of benzoic acid (potassium salt; Sigma, St. Louis, MO, USA) used to supplement the media was prepared in water, and the pH of this solution was adjusted to 4.0 using HCl.
Benzoic acid susceptibility assays
The susceptibility of the S. cerevisiae strains tested to benzoic acid was examined by comparing the growth of these two strains in liquid medium. Mid-exponential cells (OD 600nm 0.5 ± 0.05) cultivated in liquid MM4 medium (at pH 4.0) were used to re-inoculate (at initial OD 600nm of 0.05) this same basal medium either or not supplemented with 0.9 mM benzoic acid. Growth in the presence or absence of benzoic acid was monitored by accompanying the increase in the OD 600nm of the cultures. Susceptibility of BY4741.GPD and BY4741.GPD_TPO1 was assessed in a range of 0.7-1.1 mM benzoic acid, in the same minimal media. To assess the effect of pH established without the addition of any weak acid, the MM4 growth medium pH was adjusted in the range of 2-5 with HCl and NaOH.
Subcultivation of benzoic acid-adapted yeast cells S cerevisiae BY4741 and the derived deletion mutant tpo1Δ cells were cultivated until mid-exponential phase (OD 600nm = 0.6 ± 0.05) in liquid MM4 medium (at pH 4.0) and re-inoculated in this same basal medium supplemented with 0.9 mM benzoic acid. When cultures resumed growth, they were subcultivated in fresh MM4 medium supplemented with the same concentration of benzoic acid. Growth was followed by measuring OD 600nm and colony forming units.
Measurement of TPO1 expression based on lacZ fusions S. cerevisiae BY4741 and the derived deletion mutants pdr1Δ, pdr3Δ, pdr8Δ, yrr1Δ, yap1Δ, yap2Δ, yap3Δ, yap4Δ, yap5Δ, gcn4Δ, stp1Δ, stp2Δ and war1Δ transformed with pTPO1::lacZ plasmid (Alenquer et al. 2006) were cultivated until mid-exponential phase (OD 600nm = 0.6 ± 0.01) in MM4 growth medium lacking uracil (at pH 4.0) and then re-inoculated (at an OD 600nm = 0.2 ± 0.01) into this same basal growth medium supplemented or not with 0.9 mM benzoic acid. The expression of the TPO1 gene in the wild-type and in the mutant strains was compared in mid-exponential phase cells incubated for 12 h in the presence of benzoic acid. This time-point was found to lead to maximum expression of the TPO1 gene measured from the pTPO1::lacZ plasmid in wildtype benzoic acid-challenged cells. In control cultures, cells were harvested in the mid-exponential phase of growth (6 h of incubation in MM4 growth medium). The determination of β-galactosidase activity was carried out as described before (Alenquer et al. 2006) , the enzyme specific activity units (U; Miller units) being defined as the increase in A 420 per minute (OD 600nm ) −1 × 1000.
To examine the effect that the Gcn4 response element (GRE) or the Stp1 response element (SRE) motifs present in the TPO1 promoter have in the expression of the TPO1 gene under benzoic acid stress, these DNA motifs were inactivated by site-directed mutagenesis using as a template pYEP354w_TPO1::lacZ fusion plasmid. This plasmid was constructed by cloning the promoter region of TPO1 (considered as the 1000 bp ustream of the start codon) into the BamHI and PstI sites of the pYEP354w vector. The pTPO1::lacZ plasmid could not be used as template in the mutagenic PCR reactions due to its high molecular weight (∼14 kb), and thus, a shorter lacZ fusion, based on the YEP354w vector (∼6 kb), was constructed for this purpose. lacZ expression from pYEP354_TPO1::lacZ, pYEP354_TPO1(GRE1)::lacZ, p Y E P 3 5 4 _ T P O 1 ( G R E 2 ) : : l a c Z a n d pYEP354_TPO1(SRE2)::lacZ plasmids was assessed by real-time RT-PCR. For that, cell samples were obtained by centrifugation [5000 rpm in a Beckman (Brea, California, USA) JA20 rotor, 4°C, 5 min] and immediately frozen at −80°C until total RNA extraction. One microgram of total RNA was used for complementary DNA (cDNA) synthesis. The reverse transcription step was performed using the multiscribe reverse transcriptase kit (Applied Biosystems, Foster City, California, USA) in a 7500 RT-PCR thermal cycler block (Applied Biosystems, Foster City, California, USA). Approximately 10 ng of the synthesized cDNA was used for the subsequent PCR step. In all experiments, the transcript level of ACT1 messenger RNA (mRNA) was used as an internal control. The primers used for amplification of ACT1 cDNA (3′-CTCCACCACTGCTGAAAGAGAA-5′, 5′-CCAAGGCGACGTAACATAGTTTT-3′) and of lacZ cDNA (3′-AAAGCTGCAAGTCTGCATCACAC-5′ and 5′-GCACGATAGAGATTCGGGATTT-3′) were designed using Primer Express Software (Applied Biosystems, Foster City, California, USA). The relative values obtained for the expression from the native promoter in control conditions were set as 1, and the remaining values presented are relative to that control.
Measurement of TPO1 transcription based on real-time RT-PCR
Real-time RT-PCR was used to compare TPO1 mRNA levels during cultivation of S. cerevisiae BY4741 cells or of the deletion mutants pdr1Δ, pdr3Δ, stp1Δ, stp2Δ and gcn4Δ in MM4 growth medium (at pH 4.0) either or not supplemented with benzoic acid (0.9 mM), as described in the previous section. The primers used for the amplification of the probes selected to monitor TPO1 (3′-TCTGACAATTCACT ACCGAACAATC-5′, 5′-GGCGTGCCGCTGCTT-3′) and ACT1 expression (the same as indicated in the previous section) were designed using Primer Express Software (Applied Biosystems, Foster City, California, USA). The specificity of the probe selected for monitoring TPO1 transcription was confirmed by the absence of an amplification product in the tpo1Δ mutant. The relative values obtained for the wild-type strain in control conditions were set as 1, and the remaining values presented are relative to that control. A similar experimental setup was used to monitor TPO1 transcription in conditions of leucine exhaustion during growth of wild-type and gcn4Δ cells in MM4 growth medium or during growth of the 2344c strain in MM4 growth medium having a limiting
Quantification of intracellular concentration of polyamines and amino acids
The intracellular concentration of amino acids and polyamines in wild-type or Δtpo1 cells was compared after 1 h of incubation in MM4 growth medium (at pH 4.0) either or not supplemented with 0.9 mM benzoic acid. Yeast cells were harvested by centrifugation (5000 rpm in a Beckman JA20 rotor, 4°C, 5 min), washed two times with ice-cold distilled water and frozen at −80°C until further use. Polyamine extraction was performed by re-suspending the harvested cells in 600 μL 10% trichloroacetic acid (TCA) supplemented with 1 mM 1,6-diaminohexane (Fluka, Buchs, Switzerland) which was used as the internal standard. The cell suspension obtained was incubated at 70°C for 1 h, centrifuged for 5 min (at 13000 g), and the supernatant was recovered into a new tube. Quantification of the content of spermine, spermidine and putrescine present in the 600-μL supernatant recovered was determined, by HPLC, as a service at the Instituto Biologia Experimental e Tecnológica (Oeiras, Portugal). The method used had a detection limit of 5 μM.
Intracellular amino acid pools were obtained using the method described before (Klasson et al. 1999) . Briefly, yeast cells were harvested in the same conditions as those used for polyamine quantification and were washed twice with 1.5 mL of water and re-suspended in 1.5 mL of AA buffer (2.5 mM K 2 HPO 4 -KH 2 PO 4 at pH 6.0; 0.6 M sorbitol; 10 mM glucose). The washed filters were boiled in 3 mL of water for 15 min. One-millilitre aliquots of this suspension were taken and centrifuged to remove particles of filter. The concentrations of amino acids present in this 1 mL sample were determined, by HPLC, as a service at the Laboratório Nacional Dr. Ricardo Jorge (Lisbon, Portugal). The method used had a detection limit ranging between 0.1 and 0.5 μg/mL for the different amino acids.
Results
TPO1 is a determinant of yeast resistance to benzoic acid
The comparison of the growth curves of unadapted cell populations of the parental strain S. cerevisiae BY4741 and of the tpo1Δ derived mutant in MM4 medium supplemented with 0.9 mM benzoic acid (at pH 4.0) shows that the elimination of TPO1 significantly increases the duration of the adaptation period to the acid (from 18 h to approximately 30 h) and reduces the maximum specific growth rate of the adapted cell population (from 0.097 to 0.057 h −1 ) (Fig. 1a) . However, TPO1 deletion had no detectable effect in yeast growth during cultivation in MM4 growth medium acidified to pH 2.0 using a strong acid (HCl) as the acidulant (Fig. 1b) . This result shows that Tpo1 is specifically required for protection against benzoic acid and not against low pH by itself. Expression of TPO1 from a centromeric plasmid (pYEP351_TPO1) was further found to rescue the benzoic acid susceptibility exhibited by the tpo1Δ deletion mutant, enabling this mutant strain to display a susceptibility profile similar to the one exhibited by the BY4741 wild-type strain harbouring the empty vector pYEP351 (Fig. 1c) . Insertion of pYEP351_TPO1 in the wild-type strain resulted in improved resistance to exposure to benzoic acid (Fig. 1c) .
The BY4741.GPD_TPO1 strain (Krüger et al. 2013) , overexpressing the TPO1 gene by insertion of an extra copy in the genome controlled by the strongest constitutive yeast promoter GPD, proved to be less susceptible to benzoic acid stress in all the concentrations tested when compared to BY4741.GPD, the respective wild-type parental strain (Fig. 2) . In fact, overexpression of TPO1 proved to reduce the adaptation phase of yeast cells to half when exposed to a very high benzoic acid concentration (1.1 mM), also rendering a higher final biomass when compared to the BY4741.GPD cell culture (Fig. 2) .
The ability of wild-type and tpo1Δ mutant cells to adapt to benzoic acid-induced stress was tested by harvesting yeast cultures that resumed growth after a latency phase in MM4 media supplemented with 0.9 mM benzoic acid and reinoculating them in fresh media with the same benzoic acid concentration. Pre-adapted cell populations did not exhibit a lag-phase period when exposed for the second time to the same stress (Fig. 3a) . Although benzoic acid stress seems to induce a more severe and longer period of loss of viable cells in tpo1Δ cultures, the subcultivation of the adapted population rendered a similar growth in both wild-type and tpo1Δ cell cultures (Fig. 3b) , consistent with that observed in optical density measurements. This phenomenon suggests that the role of Tpo1 is predominantly sensed in the period of adaptation to sudden benzoic acid, enabling the population to adapt faster to the presence of this food preservative.
TPO1 transcription is activated under benzoic acid stress in the dependence of Gcn4 and Stp1 transcription factors A dramatic increase (up to 30-fold) in TPO1 transcript levels was registered during cultivation of an unadapted S. cerevisiae BY4741 population in the presence of a growth-inhibiting concentration of benzoic acid (0.9 mM at pH 4.0) compared with cells grown in unsupplemented medium (control cells) (Fig. 4a) . This strong, but transient, stimulation of TPO1 transcript levels reached a maximum value during the period of latency induced by benzoic acid, after 3 h of incubation to the acid, after which mRNA levels decreased steeply to basal levels once adapted cells resumed exponential growth (Fig. 4a) .
The TPO1 promoter region harbours at least each one binding site for 12 transcription factors known to be involved in yeast response to stress and other environmental challenges: Pdr1, Pdr3, Pdr8, Yrr1, Yap1, Yap2, Yap3, Yap4, Yap5, Msn2, Msn4, War1, Gcn4, Stp1 and Stp2 (Fig. S1 in the Supplementary Material). To examine the role of these transcription factors in benzoic acid-induced up-regulation of TPO1 expression, the parental strain and several deletion mutants individually lacking these regulators were transformed with the pTPO1::lacZ fusion plasmid (Alenquer et al. 2006) . The levels of β-galactosidase produced in benzoic acidstressed cells harbouring the pTPO1::lacZ plasmid were only found to be reduced, but not fully abrogated, in mutants devoid of Gcn4 or Stp1 transcription factors (Fig. S1 in the Supplementary Material). Consistent with this observation, TPO1 mRNA levels produced in benzoic acid-challenged gcn4Δ and stp1Δ populations were significantly below the levels registered in the parental strain (Fig. 4a) . Indeed, TPO1 transcription in the gcn4Δ and stp1Δ mutant strains was found to reach only a 20-fold transient activation under benzoic acid stress, which represents a 30% reduction in the maximum level of TPO1 up-regulation registered in the wild- -1.1 mM) . The growth curves shown are representative of, at least, three independent experiments that gave rise to the same results type strain. Also, the period of time during TPO1 upregulation appears to be extended in the mutant strains, possibly due to the fact that the lag phase induced by benzoic acid in the mutant cell populations is also much longer than the one registered for the wild-type strain. The undetectable effect of Pdr1, Pdr3 and Stp2 in the activation of TPO1 transcription under benzoic acid stress was also confirmed by real-time RT-PCR (results not shown). To know if the effect of Gcn4 and Stp1 on TPO1 transcription is direct, the three predicted Gcn4/ Stp1 DNA-binding sites found in the TPO1 promoter (two for Gcn4 and one for Stp1, designated GRE and SRE motifs) were individually removed in the pYEP354w:TPO1 lacZ fusion by mutagenesis, after which the responsiveness of the mutagenized constructs to benzoic acid stress was assessed by measurement of lacZ mRNA by RT-PCR (Fig. 4b) . Inactivation of either of the two Gcn4-binding sites reduced the benzoic acid-induced up-regulation of the TPO1 gene (Fig. 4b) . Inactivation of the Stp1-binding site also abrogated the benzoic acid-induced up-regulation of TPO1 (Fig. 4b) . Significantly, even in the absence of benzoic acid, the inactivation of the Gcn4-and Stp1-binding sites had a moderate effect in the TPO1 transcription level (Fig. 4b) . Altogether, the results obtained are consistent with the concept that under benzoic acid stress, TPO1 overexpression is under the coordinated action of Gcn4 and Stp1. Also, elimination of Gcn4 or Stp1 led to a dramatic increase in yeast susceptibility to benzoic acid, even higher than the one obtained upon deletion of TPO1 (Fig. 4a) , suggesting that there are other determinants of yeast tolerance to benzoic acid among the Gcn4 and Stp1 target genes.
Effect of Tpo1 expression and benzoic acid stress in internal homeostasis of polyamines and amino acids
The effect of TPO1 expression and of benzoic acid stress in the internal concentration of polyamines was also examined considering the described involvement of Tpo1 in the export of these nitrogenous compounds (Albertsen et al. 2003; Krüger et al. 2013; Tomitori et al. 2001) (Fig. 5) . Since benzoic acid-induced up-regulation of TPO1 transcription was found to be controlled by Gcn4 and Stp1 and these transcription factors are key regulators of amino acid sensing and signalling in yeast (Ljungdahl and Daignan-Fornier 2012) , we also examined the effect of Tpo1 expression in internal amino acid homeostasis, either in the presence or in the absence of benzoic acid stress (Fig. 5 ). For this, the internal pools of amino acids and polyamines recovered from wild-type and tpo1Δ cells cultivated for 1 h in the presence or absence of benzoic acid (0.9 mM, at pH 4) were compared by HPLC, these being the same experimental conditions that were found to lead to the strong transcriptional activation of TPO1 mediated by Gcn4 and Stp1 (Fig. 5) .
The internal concentration of putrescine, spermine and spermidine was found to be similar in wild-type and tpo1Δ cells in the exponential phase of growth in MM4 growth medium (Fig. 5a) . Exposure, for 1 h, of unadapted BY4741 cell population to benzoic acid stress (0.9 mM, at pH 4.0), corresponding to the early period of adaptation to the acid, led to a reduction in the internal pool of the three polyamines, when compared to the values registered for control cell cultures (Fig. 5a ). In fact, the putrescine levels fell under the detection limit. Surprisingly, no significant differences were observed between the wild-type and tpo1Δ yeast cell cultures regarding any of the polyamine intracellular levels determined (Fig. 5a) .
The parental and tpo1Δ strains were found to exhibit, in general, similar amino acid pools (Fig. 5b) . After 1 h of exposure to 0.9 mM benzoic acid (at pH 4.0), the intracellular pool of several amino acids decreased in the parental strain and in the tpo1Δ mutant, in particular glutamine, arginine and lysine, the internal concentration of lysine having decreased to levels below the detection limit (Fig. 5b) . The exception to this pattern of reduction of intracellular amino acid concentration was the amino acids corresponding to the yeast strain auxotrophies (histidine, leucine and methionine) and that, for this reason, were supplemented to the growth medium (Fig. 5b) . The intracellular levels of asparagine, isoleucine, proline, cysteine, phenylalanine and tyrosine could not be determined because they were below the detection limit of the technique. This could be the result of the cultivation of yeast cells in minimal growth medium (Kitamoto et al. 1988 ).
TPO1 transcription is up-regulated in response to amino acid and nitrogen limitation
The transcription level of yeast MFS-MDR transporterencoding genes QDR2, AQR1 and QDR3, also required for TPO1 mRNA levels were normalized using ACT1 transcript levels. b Effect of the Gcn4 response elements (GRE) and Stp1 response elements (SRE) located in the TPO1 promoter in the benzoic acid-induced upregulation of TPO1, measured, through RT-PCR, as the mRNA level of the LacZ gene, expressed under the control of the TPO1 promoter. Wildtype cells harbouring the pYEP354w_TPO1::lacZ plasmid (which contains natural TPO1 promoter) or the derived mutant constructs having the GRE and SRE motifs individually inactivated were cultivated in MM4 growth medium (at pH 4) (black bars) or in this same growth medium supplemented with 0.9 mM benzoic acid (white bars) and harvested after 3 h of growth resistance to polyamines, has been found to increase in response to amino acid and nitrogen limitation in a Gcn4-dependent manner (Dos Sá-Correia et al. 2009; Teixeira et al. 2011a ). This indication prompted us to examine whether TPO1 transcription was also responsive to this type of physiological perturbation (Fig. 6) . The results obtained show that cells of the prototrophic strain 2344c cultivated for 3 h in minimal medium, supplemented with a limiting concentration of ammonium sulphate as the sole nitrogen source (0.0265 g L −1
), exhibit a 3-fold higher expression of TPO1, compared with cells cultivated under the same conditions in a saturating concentration of ammonium (2.65 g L −1 ) (Fig. 6) . TPO1 transcript levels were also found to increase (by around 3-fold) when S. cerevisiae BY4741 cells entered the stationary phase of growth in the MM4 medium due to leucine exhaustion (Fig. 6) . Leucine is one of the amino acids that have to be added to the growth medium to complement the auxotrophies of the BY4741 strain, and the concentration used in the MM4 medium, 60 mg L , was demonstrated to be growth-limiting (Vargas et al. 2007 ). Indeed, supplementation of the exhausted growth medium with fresh leucine restored growth of BY4741 cells and resulted in a decrease in the level of TPO1 mRNA to values similar to those registered in the leucine-replete growth medium (Fig. 6) . No significant increase in TPO1 expression induced by leucine exhaustion during growth in the MM4 growth medium was observed in the gcn4Δ mutant (Fig. 6 ).
Discussion
In this work, the S. cerevisiae plasma membrane drug:H + antiporter Tpo1 was implicated for the first time in yeast tolerance to benzoic acid. Tpo1 was shown to be predominantly required in the period of adaptation to sudden benzoic acid, enabling the population to adapt faster to the presence of this food preservative. These results are actually consistent with previous observations, showing that Tpo1 (Teixeira and Sá-Correia 2002; Alenquer et al. 2006 ) and many other drug transporters are key players in the early response to sudden stress ). Upon exposure to weak acids, such as acetic acid or 2-4-dichlorophenoxyacetic acid, it was demonstrated that together with the transient overexpression of drug transporters during the stress-induced lag phase, cells appear to activate additional mechanisms involved in cell wall and plasma membrane remodelling that decrease the permeability of the cell envelope (Teixeira et al. 2006a (Teixeira et al. , 2006b Simões et al. 2003; Viegas et al. 2005; Mira et al. 2010b , Fig. 5 Effect of benzoic acid stress and TPO1 expression in the internal pool of polyamines and amino acids. a Spermidine, spermine and putrescine intracellular levels after 1 h of incubation in the absence (black bars) or presence (white bars) of benzoic acid (0.9 mM). b Intracellular amino acid pools of BY4741 (black bars) and BY4741_ tpo1Δ (white bars) in the presence or absence of 0.9 mM benzoic acid. The amino acids added to the MM4 growth medium to suppress the auxotrophies of the BY4741 strain are underlined. The arrows indicate amino acids whose concentration was below the detection limit in the acid-challenged cells. Wt wild-type 2010c), avoiding a futile and energetically expensive cycle, in which the acid diffuses back into the cells, counteracting the active expulsion of its counterion.
During the adaptive response to benzoic acid stress, TPO1 transcription was found to be strongly up-regulated (up to 30-fold), this activation being partially dependent on the Gcn4 and Stp1 transcription factors. Elimination of Gcn4 and/or Stp1 led to a dramatic increase in yeast susceptibility to benzoic acid, even higher than the one obtained upon deletion of TPO1, suggesting that there are other determinants of yeast tolerance to benzoic acid among Gcn4 and Stp1 target genes. The demonstration that none of the stress-responsive transcription factors that have a binding site in the TPO1 promoter (Pdr1, Pdr3, Yrr1, Msn2, Msn4, Yap1, Yap2, Yap3, Yap4 and Yap5) are involved in the regulation of TPO1 transcriptional activation under benzoic acid stress was surprising. In particular, it was unexpected to observe the lack of effect of Pdr1 in this activation, since this transcription factor is known to mediate all the previously described drug/xenobiotic-induced upregulations of TPO1 (Alenquer et al. 2006; do Valle Matta et al. 2001; Lucau-Danila et al. 2005; Teixeira and Sá-Correia 2002) . Since Pdr1 function appears to be activated upon direct binding of xenobiotics/drugs (Thakur et al. 2008) , it is possible that this lack of Pdr1 in the control of the benzoic acid response might result from the inability of benzoic acid (or benzoate) to bind to this protein. Interestingly, while the transcriptional association between Stp1 and TPO1 is described here for the first time, Gcn4 had already been seen to play a role in the up-regulation of TPO1, in cells exposed to stress induced by 3-aminotriazole, a drug that mimics the effect of histidine limitation (Moxley et al. 2009 ). It is also interesting to observe that both Gcn4 and Stp1 have been documented to regulate the expression of several other genes involved in polyamine biosynthesis and transport (Fig. 7) . The regulatory network schematized in Fig. 7 rejoins the information available in the YEASTRACT database (Teixeira et al. 2006a (Teixeira et al. , 2006b with the new data obtained in this study, and shows that Stp1 and/or Gcn4 are involved in the regulation of both uptake, biosynthesis and excretion of polyamines. Indeed, they are involved in the regulation of TPO1 [this work and Moxley et al. (2009)] and, according to the data gathered in the YEASTRACT database, of its orthologues TPO2, TPO3 and TPO4, required for polyamine excretion (Albertsen et al. 2003; Tomitori et al. 2001 ; Uemura et al. ) concentration of ammonium sulphate as the sole nitrogen source. Growth curve of the 2344c strain in the two conditions of ammonium availability is also shown. b Expression of TPO1 during growth of S. cerevisiae BY4741 (filled square, open square) or of gcn4Δ (filled circle, open circle) in MM4 growth medium. Cell samples were harvested during exponential growth (sample 1) and when cells approached the stationary phase at an OD 600nm of 1.0 (sample 2). At this point, the cultures were split in two, and fresh leucine was added to one of the cultures (closed symbols) while the other remained in the leucine-exhausted growth medium (open symbols, dashed curve). After 1 h of incubation in the leucine-exhausted (sample 3) or in the leucine-replete growth medium (sample 4), cells were harvested and TPO1 transcription levels were assessed. The results presented are means of at least three independent experiments, and error bars represent standard deviation 2005), as well as AGP2, DUR3 and SAM1, which mediate polyamine uptake (Aouida et al. 2013; Uemura et al. 2007) . Despite the fact that benzoic acid-induced transcriptional activation of TPO2 and TPO3 is fully dependent of Haa1 (Fernandes et al. 2005) , this transcription factor was found to have no effect in the regulation of TPO1 transcription under the same conditions (our unpublished results).
The regulatory association between TPO1 and Stp1 and Gcn4 is consistent with the idea that the transcriptional control of TPO1, as well as other MFS-MDR transporter-encoding genes, under stress may involve more than just transcription factors directly related to the response to drugs/xenobiotics/ stress conditions (Dos ). This notion is further reinforced by previous observations showing that the regulators of methionine and leucine biosynthesis, Leu3 and Met32, and the activator of oleate catabolism, Pip2, are other non-MDR transcription factors described as regulators of TPO1 expression (Carrillo et al. 2012; Smith et al. 2007; Tang et al. 2006) . Interestingly, Gcn4 and Stp1 have no apparent role in the transcriptional activation of TPO1 gene induced by the lipophilic weak acid herbicide 2,4-D (results not shown) rendering clear that the regulatory network controlling TPO1 transcription is largely dependent on the environmental stressor under study. Further studies are required to understand the physiological cues that determine which players of the TPO1 regulatory network are activated in each condition.
Given the essential role played by Gcn4 and Stp1 in sensing and signalling internal amino acid homeostasis in yeast (Hinnebusch 2005; Ljungdahl and Daignan-Fornier 2012) , the indications gathered prompted us to examine the effect of benzoic acid and TPO1 transcription in the internal amino acid pool during early response to sudden exposure to this stress. However, TPO1 deletion was found to have no detectable effect in the intracellular concentration of any of the measured amino acids in benzoic acid-supplemented media. These results suggest that, despite being a target of Gcn4/Stp1 regulatory control, Tpo1 is apparently not involved in the control of amino acid homeostasis in benzoic acid-stressed cells, a biological role that was proposed for its close homologues Aqr1 and Qdr2, also transcriptionally regulated by Gcn4 (Vargas et al. 2007; Velasco et al. 2004) . Nonetheless, benzoic acid challenge was indeed seen to alter the intracellular amino acid pool in S. cerevisiae cells. In particular, the significant reduction in the internal concentration of glutamine, arginine and lysine (the latter reached undetectable levels) registered in benzoic acid-challenged cells could trigger activation of Gcn4 as this transcription factor responds when the internal concentration of any amino acid becomes limiting (Hinnebusch 2005) . Intracellular acidification, a known deleterious effect of benzoic acid stress (Piper et al. 2001) , was recently shown to reduce the activity of aminoacyl transfer RNA (tRNA) synthetases thereby leading to an accumulation of uncharged tRNAs (Hueso et al. 2012) , a signal that is also known to activate Gcn4 (Hinnebusch 2005) . The pool of the amino acids leucine and methionine that corresponds to the yeast strain auxotrophies did not suffer a reduction on the intracellular pools in benzoic acid-stressed cells; the levels of this amino acids were even found to increase. The increase in methionine and leucine intracellular levels in the same yeast cells challenged with propionic acid stress was previously registered by metabolomic analysis (Lourenço et al. 2011) . The activation of the transcription factor Stp1 is dependent on the external sensing of amino acids by the receptor membrane protein Ssy1. It was proposed that when the concentration of an inducing amino acid in the exterior is higher than the concentration found in the cytosol, Ssy1 conformation is altered and Stp1 becomes active (Ljungdahl and DaignanFornier 2012) . The activation of Stp1 registered under the experimental conditions used in our study was unexpected since a saturating concentration of ammonium was present in the growth medium, this being a condition that represses all pathways required for utilization of amino acids, including the Stp1 pathway (Ljungdahl and Daignan-Fornier 2012) . It is possible that some of the amino acids whose internal concentration is reduced upon benzoic acid challenge could be accumulating in the exterior, as the result of either excretion and/or leakage, thereby resulting in the conformational change of Ssy1 and consequently in the activation of Stp1 as hypothesised before (Gaber et al. 2003; Ljungdahl and Daignan-Fornier 2012) . Sudden exposure to benzoic acid stress was also found to lead to a reduction in the internal concentrations of spermidine, spermine and putrescine, this response being independent of the expression of the TPO1 gene. This result appears to suggest that Tpo1 does not mediate the export of polyamines in response to benzoic acid stress. Altogether, the results of our study confirm that the transcriptional regulatory network that governs the expression of TPO1 is complex and involves regulators that are not themselves Fig. 7 Effect of Gcn4 and Stp1 in the regulation of genes involved in synthesis, uptake and excretion of polyamines. Documented regulatory associations between the genes involved in synthesis, uptake and excretion of polyamines and Gcn4 and Stp1 are shown according with the information available in the YEASTRACT database (dashed lines), plus the data described herein on the effect of Stp1 and Gcn4 over TPO1 expression (full lines). Genes up-regulated by benzoic acid stress are highlighted in grey boxes while down-regulated genes are shown in white boxes (Abbott et al. 2007) directly implicated in MDR/MXR. Despite the strong Gcn4-and Stp1-dependent up-regulation of the TPO1 gene registered under benzoic acid stress, the expression of Tpo1 did not have a significant effect in the internal amino acid pool in benzoic acid-stressed cells. Since the modulation of the internal concentration of polyamines was found to have a very pleiotropic effect in yeast cells (Chattopadhyay et al. 2008 (Chattopadhyay et al. , 2009 Eisenberg et al. 2009) , it is likely that the reduction in the internal concentration of polyamines could contribute in various manners to improve cell tolerance to benzoic acid, but this does not seem to be related with the role of the Tpo1 transporter in alleviating benzoic acid stress effects.
In conclusion, the results obtained in this study are expected to advance current understanding of the regulation and function of drug/xenobiotic efflux pumps in the MDR phenomenon in the yeast model and in less accessible organisms. Furthermore, since benzoic acid is largely used as a food preservative, it is expected that the identification of molecular mechanisms of tolerance to this weak acid in S. cerevisiae can be used to guide the design of more efficient preservation strategies, also at the level of medium composition in the food industry (Mira et al. 2010b) . This is particularly expected considering that multiple robust homologues of Tpo1 are found in the genome sequence of several spoilage yeasts and fungi tolerant to benzoic acid, including strains of the food spoilage Zygosaccharomyces bailii species . Also, production of industrially relevant aromatic compounds using microorganisms has gathered increasing research interest. The production of benzoic acid through the assimilation of many carbon sources via a plantlike β-oxidation pathway was recently reported (Noda et al. 2012) . Therefore, unveiling the mechanisms by which microbial strains are able to tolerate increasingly higher concentrations of this stress agent is also of extreme value to improve industrial robustness and reach enhanced production yield of benzoic acid-derived compounds.
